In a supersymmetric theory with global U(1) invariance, the spontaneous breaking of the latter without the breaking of supersymmetry is revisited in the case of the most general superpotential of 3 singlet superfields. The interesting possibility of having 2 hierarchical mass scales is pointed out, together with its consequences as applied to the axionic solution of the strong CP problem.
Introduction
The spontaneous breaking of a continuous global symmetry is well-known [1] to result in a massless Nambu-Goldstone boson. If this happens in a supersymmetric theory [2] without the breaking of the supersymmetry, a massless superfield must emerge, resulting in the existence of "flat directions" [3] . If the supersymmetry is also broken, then the components of this superfield will become massive, except for the Nambu-Goldstone boson. The only question is: how is the scale of supersymmetry breaking related to the scale of spontaneous breaking of the continuous global symmetry? Naively, we would expect them to be the same.
On the other hand, it is desirable in the implementation of the axionic solution [4, 5] of the strong CP problem [6] that the U(1) P Q symmetry breaking scale, presumably of order 10 9 to 10 12 GeV, be much greater than the supersymmetry breaking scale, presumably of order 1 TeV.
In this paper, this problem is revisited in the case of the most general superpotential of 3 singlet superfields. The relationship of the 2 arbitrary mass scales of this superpotential to the U(1) breaking scale is clarified, particularly with respect to a simplified form [7] which is widely used in the literature. The possibility of having a "seesaw" mass spectrum with new bosons and fermions at the TeV scale is pointed out.
Superpotential of 3 Singlet Superfields
Consider 3 singlet superfieldsφ 1 ,φ 2 , andχ, transforming as +1, −1, and 0 under a global U(1) symmetry. The following simple superpotential,
is invariant under U(1) and is widely used in axionic supersymmetric models. The idea is that the supersymmetric minimum of the corresponding scalar potential is given by
where v 1,2 = φ 1,2 , which breaks U(1) spontaneously and gives rise to the axion. However, it is clear that Eq. (1) is missing the allowed term µ 12φ1φ2 which must be set equal to zero by hand to obtain Eq. (2). Nevertheless, as long as the supersymmetry is exact, the condition µ 12 = 0 is maintained to all orders in perturbation theory. In reality, we know the supersymmetry is broken, hence a natural lower bound for µ 12 is M SU SY ∼ 1 TeV. This has the important phenomenological consequence that all particles associated with the axion (including the axino) must not be much lighter than M SU SY .
Instead of the simplified form of Eq, (1), consider the most general superpotential ofφ 1 ,
Under the transformationχ →χ + u, we havê
If we now require
then after dropping the constant term, we havê
which becomes Eq. (1) in the limit m → 0, h → 0, but Λ remains finite. Thus the hidden assumptions of Eq. (1) are that m is very small, but u (hence µ) is very large, such that Λ is the order of their product. Since m should be bounded from below by M SU SY and µ from above by M P lanck , a reasonable value for Λ is indeed 10 3 GeV × 10 19 GeV = (10 11 GeV) 2 and suitable for the axion scale.
Consider now Eq. (6) is very natural and has interesting consequences, to be shown below.
Breaking of the U(1) Symmetry
Let the superfieldsφ 1 andφ 2 be redefined as v 1 +φ 1 and v 2 +φ 2 , with v 1 v 2 = Λ, then
which shows that the superfieldsχ
are massive with a mass matrix given by
where
and that the superfield
is massless. In terms ofχ,η, andζ,
where s = sin θ, c = cos θ, and tan θ = v 2 /v 1 .
In anticipation of the assumed symmetric soft breaking of the supersymmetry which will set v 1 = v 2 , we simplify Eq. (11) by taking s = c = 1/ √ 2. In addition, using v 2 = 2Λ and Eq. (5), we assume |µ| << |m|. Hence
in Eq. (9) . Thus the heavy superfieldχ can be integrated out and the effectiveη acquires a "seesaw" mass, i.e.
The effective superpotential ofη andζ is then given bŷ
The corresponding contribution to the Lagrangian is
Since the scalar field η and the fermion fieldη are massive, they can be integrated out to obtain the effective Lagrangian of ζ andζ. To lowest order, it should be of the form
At tree level, it is clear that a = c = 0, and b is given by the diagrams of Fig. 1, i .e.
which is exactly as expected. In fact, a = b = c = 0 is true to all orders in perturbation theory as long as the supersymmetry is not broken becauseζ is a massless superfield and the symmetry of Eq. (14) forbids theζ 3 term inŴ ef f .
Breaking of the Supersymmetry
To break the supersymmetry softly, we go back to Eq. (3) and consider
The minimum of the complete scalar potential is then given by
Using
and |µ| << |m|, we find
with u given by
In the limit V sof t = 0, we recover the supersymmetric solution of Eq. (5) as expected. Now if we set µ ∼ M SU SY as well as µ 0 , B, and A, then u ∼ M SU SY is assured.
We can again use the seesaw approximation to integrate out χ and obtain the masses of η and ζ. Instead of m η ≃ −2µ and m ζ = 0 in the supersymmetric limit, we obtain
Since µ 12φ1φ2 is an allowed soft supersymmetry breaking term, the mass of the fermionη is now | − 2µ + µ 12 | and that ofζ is |µ 12 |. 
Concluding Remarks
In general, the values of m and µ are arbitrary and independent, and protected against large radiative corrections by the supersymmetry. So as long as they are greater than M SU SY , the field theory is well-behaved and the U(1) breaking scale of √ mµ is generated. If only one mass scale is allowed by the choice of U(1) charge assignments as in a recent axionic supersymmetric model for neutrino masses [8] , then this mechanism is not available, resulting in the breaking of U(1) at that one mass scale [9] . Nevertheless, M SU SY << v is possible in all these examples. 
